Over the past decade, there has been increasing research interest in the low dimensional silicon materials due to their potential applications in the optoelectronic devices, nonvolatile memory devices, and single electron devices. One promising approach of forming such low dimensional silicon is Si + implantation into SiO 2 thin films. With this technique, isolated Si nanocrystals ͑nc-Si͒ dispersedly distributed in a SiO 2 matrix 1-5 or densely stacked silicon nanocrystal layers embedded in SiO 2 ͑Refs. 6-9͒ can be formed depending on the implantation recipe. The former could be used for Si optoelectronic applications 10, 11 while the latter could be used in memory devices. 7, 9 There have been both experimental 3, 4 and theoretical 12, 13 studies on the optical properties of isolated nc-Si dispersedly distributed in dielectrics. The optical properties of continuous thin film of nc-Si synthesized by pulsed laser pyrolysis of silane have been determined with spectroscopic ellipsometry also. 14 However, no studies on the optical properties of the densely stacked Si nanocrystal layer synthesized by ion implantation have been reported so far. The optical properties of the densely stacked nanocrystal layer should be different from that of both the isolated nc-Si and the continuous nc-Si film. It is necessary to investigate the optical properties of the densely stacked nanocrystal layer because of the importance of such nanoscale structure in both fundamental physics and applications. In practice, the Si ion implantation into a thin SiO 2 film with a high dose ͑typically in the range of ϳ10
16 -ϳ 10 17 cm −2 ͒ at a very-low energy ͑ഛ2 keV͒ can form such densely stacked nanocrystal layers embedded in SiO 2 . [6] [7] [8] [9] In this work, the dielectric functions of the densely stacked Si nanocrystal layer embedded in SiO 2 have been determined with spectroscopic ellipsometry ͑SE͒, and the influence of thermal annealing on the dielectric functions has also been investigated. 30 nm SiO 2 thin films were thermally grown in dry oxygen at 950°C on a p-type Si ͑100͒ wafer. Si ions with a dose of 8 ϫ 10 16 cm −2 were then implanted into the SiO 2 thin films at 1 keV. Postimplantation thermal annealing was carried out in N 2 at various annealing temperatures for different durations. The mean size of nc-Si was estimated from full width at half maximum ͑FWHM͒ of the Bragg in the x-ray diffraction ͑XRD͒ measurement. 3, 4 The average size of nanocrystals was estimated to be ϳ3 -4 nm. It was found that the nc-Si size changes little with annealing. This observation is consistent with those reported in literatures. 6, 15 The crosssectional transmission electron microscopy ͑TEM͒ measurement reveals the existence of a densely stacked Si nanocrystal layer with a thickness of ϳ16 nm embedded in SiO 2 , as shown in Fig. 1 . The sample is annealed at 1000°C for 20 min ͑i.e., sample a͒. To determine the optical properties of the densely stacked Si nanocrystal layer, SE measurements were carried out in the wavelength range of 250-1100 nm with a step of 5 nm, and the incident angle was set at 75°.
For the SE analysis, an appropriate optical model is required. As a densely stacked Si nanocrystal layer is formed in the SiO 2 thin film, the model developed for the isolated nc-Si embedded in a SiO 2 matrix 3,4 is inadequate for the present study. In the present study, a single layer of densely stacked nc-Si is embedded in the SiO 2 thin film as revealed by the TEM image shown in Fig. 1 and the situation is different from that of the isolated nc-Si dispersedly distributed in a SiO 2 matrix. 3, 4 Obviously, this densely stacked nc-Si layer should be treated as a phase in the ellipsometric analysis. Therefore, a five-phase model, namely, air/SiO 2 densely stacked nc-Si layer/SiO 2 layer/Si substrate, which is shown in Fig. 2͑a͒ , was employed to carry out the SE fittings in the present study. Note that in this model, the ellipsometric angles ͑⌿ and ⌬͒ are functions of the thicknesses and dielectric functions of all the layers. Excellent fittings with meaningful outputs have been achieved with this model. Note that no optical dispersion model was required for the SE fittings with the model. As an example, Fig. 2͑b͒ shows the spectral fitting of ⌿ and ⌬ for sample a ͑i.e., the sample annealed at 1000°C for 20 min͒. As can be seen in this figure, all the complicated spectral features of both ⌿ and ⌬ can be fitted excellently, indicating that the model shown in Fig. 2͑a͒ is effective. Figure 3 shows the dielectric functions of the densely stacked silicon nanocrystal layer for sample a. For comparison, the dielectric functions of other Si materials are also included in Fig. 3 . As can be seen in the figure, the dielectric spectra of the densely stacked silicon nanocrystal layer are similar to that of amorphous Si but different from those of both bulk crystalline Si and the isolated nc-Si. For the imaginary part of dielectric functions, the densely stacked silicon nanocrystal layer and amorphous Si show a single broadened peak; in contrast, bulk crystalline Si and the isolated nc-Si exhibit a two-peak structure. The peak structures in the dielectric spectra are believed to originate from singularities in the joint density of states ͑DOS͒. Essentially, the DOS in the amorphous state is a broadened version of crystalline state, which leads to a single broad peak in the dielectric spectra of amorphous semiconductors. Therefore, the single peak structure may suggest that the nanocrystal layer is in an amorphous state to a certain extent. On the other hand, the nanocrystal layer also shows significant reductions in the amplitude of dielectric functions as compared with bulk crystalline Si and amorphous Si, which is related to the size effect of the nanocrystals. 3, 4 Furthermore, we observed a significant influence of the annealing on the dielectric functions of the densely stacked Si nanocrystal layer. Figure 4 shows the imaginary part of dielectric functions of the densely stacked silicon nanocrystal layer synthesized at a fixed annealing temperature of 1000°C for different annealing durations. The dielectric function changes with the annealing duration, showing a trend towards bulk crystalline Si. Firstly, the dielectric func- 
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tion increases with the annealing duration. Secondly, the dielectric function exhibits a clear two-peak structure when the annealing duration is 30 min, and the structure is further enhanced when the annealing duration is 80 min. The structure is analogous to that of bulk Si which has two peaks at the transition energies E 1 ͑ϳ3.4 eV͒ and E 2 ͑ϳ4.3 eV͒ as its critical points. E 1 of the nanocrystal layer is about the same as that of bulk crystalline Si, and it changes very little with the annealing duration. However, E 2 of the nanocrystal layer is slightly lower than that of bulk Si, but it shows a small blueshift towards that of bulk Si with the increase in annealing duration. However, it should be pointed out that extending the annealing duration should not result a dielectric function that is approaching that of bulk crystalline Si because of the quantum size effect of the nc-Si and the difference in the structure between the two materials. A similar annealing effect on the dielectric functions is also observed from the experiment of various annealing temperatures. Figure 5 shows the evolution of the dielectric functions with annealing temperature for the fixed annealing duration of 20 min. One can observe from Fig. 5 together with Fig. 3 that for the annealing duration of 20 min, only a single broad peak in the dielectric spectra exists when the annealing temperature is 1000°C or lower, but a two-peak structure emerges when the annealing temperature is 1100°C. Therefore, it is clear that thermal annealing promotes the evolution of the dielectric functions towards that of bulk crystalline Si. The mechanism for the annealing effect is not known yet, but one may attribute it to the crystallization and or the growth of the nanocrystals caused by the annealing. In summary, the dielectric functions of the densely stacked Si nanocrystal layer embedded in SiO 2 have been determined with spectroscopic ellipsometry. It is observed that thermal annealing has a strong influence on the dielectric functions. For the fixed annealing temperature of 1000°C, if the annealing duration is 20 min or shorter, the dielectric functions are similar to that of amorphous Si, showing a single broad peak in the dielectric spectra; however, a twopeak structure, which is analogous to that of bulk crystalline Si, emerges when the annealing duration is 30 min or longer. For the fixed annealing duration of 20 min, if the annealing temperature is 1000°C or lower, the dielectric functions are similar to that of amorphous Si, but the two-peak structure emerges when the annealing temperature is 1100°C. In conclusion, thermal annealing promotes the evolution of the dielectric functions from the amorphous state towards crystalline state. 
